INTRODUCTION 47
The genetic variation present in laboratory rodent colonies has important implications for 48 the design, outcome and reproducibility of biological experiments (Justice & Dhillon, 2016) . 49
High levels of genetic variation reduce power and increase variation in the response to a 50 treatment, but the experimental results may be more applicable to natural or human populations. 51
Alternatively, inbred colonies provide more power and require fewer animals per experiment by 52 limiting the noise caused by segregating genetic variation (here we define an inbred strain as the 53 result of ≥ 20 generations of brother-sister mating or equivalent (Casellas, 2011; Eppig, 2007) ). 54
Indeed, minimizing the number of animals (in accordance with the principle of reduction in the 55 3Rs (Russell & Burch, 1959) ) is one of the main reasons cited for the use of inbred lines rather 56 than outbred colonies (Chia, Achilli, Festing, & Fisher, 2005; Festing, 1999; Groen & 57 Lagerwerf, 1979 ). Inbred lines with single genes knocked out have proven tremendously 58 powerful for identifying the phenotypic effect of those genes (Festing, 2010) , but phenotypic 59 traits and diseases often have complex genetic bases (e.g.: diabetes (Fuchsberger et al., 2016; 60 Rich, 2016) , and epilepsy (Meisler, Kearney, Ottman, & Escayg, 2001)), so inbred models with 61 no genetic variation may preclude a complete understanding of the underlying genetic 62 architecture. Genetic variation is essential for the identification of candidate genes underlying 63 complex phenotypes, and projects such as the collaborative cross have gone to great effort (and 64 expense) to reestablish segregating variation into inbred mouse strains in a controlled manner 65 (Churchill et al., 2004 ; Collaborative Cross Consortium, 2012; Threadgill & Churchill, 2012) . 66 Such projects rely on the fact that while there is no segregating variation within a single inbred 67 line, multiple inbred lines have fixed alternative variants and immense power can be gained by 68 4 leveraging these fixed alleles in a genetic mapping experiment (Collaborative Cross Consortium, 69 2012; de Koning & McIntyre, 2017; Svenson, Gatti, Valdar, & Welsh, 2012) . 70
Genetic crosses involving multiple inbred lines are hugely powerful for genetic 71 experiments, but true inbred strains of mammals are rare outside of 'model' rodents such as mice 72 and rats. The use of 'non-model' rodents, such as gerbils (Meriones unguiculatus, (Stuermer & 73 Wetzel, 2006) , hamsters (Phodopus sp., (Brekke, Henry, & Good, 2016) , spiny mice (Acomys 74 sp., (Gawriluk et al., 2016) and deer mice (Peromyscus sp., (Weber, Peterson, & Hoekstra, 75 2013) , is mainly restricted to outbred colonies with standing genetic variation. Unfortunately, 76 even in outbred strains of house mice genetic diversity is often ill-defined (Chia et al., 2005), and 77 surprisingly little work has been done to quantify diversity in colonies of non-model rodents. 78
Indeed, the labeling of a strain of animals as 'outbred' (Chia et al., 2005) or 'wild-derived' 79 (Harper, 2008) may have little to no bearing on the genetic diversity present. Instead, such labels 80 only demonstrate that the animals have not purposely undergone the ≥ 20 generations of brother-81 sister mating necessary to purge segregating variation and establish a true inbred line (Casellas, 82 2011; Eppig, 2007) . Furthermore, while it is recognized that large colonies will slow the loss of 83 genetic variation through drift (Papaioannou & Festing, 1980) , and commercial providers of 84 outbred animals may maintain 50-100 breeding pairs per colony, the size of colonies in academic 85 institutions is constrained by housing space, finances, and human resources. Furthermore, 86 bottleneck or founder effects are likely to occur as animals are moved between colonies, or used 87 to establish a new one. Thus, we should expect the amount of standing genetic variation to differ 88 even between colonies of the same species and strain. 89
Mongolian gerbils (Meriones unguiculatus) are a common non-model rodent that have 90 been used in biological research for many years and have informed our understanding of diseases 91 5 such as epilepsy (Buchhalter, 1993; Buckmaster, 2006) , stroke (Vincent & Rodrick, 1979) colonies is a small fraction of that in the wild, and below that of inbred mouse or rat strains, but 102 more recent reports, also using microsatellites, suggest that variation is quite high ( domestica, (Stuermer et al., 2003) ). Later the Tumblebrook colony was purchased by Charles 114 6 River Ltd in 1996 and the strain was then rederived and maintained in Italy (Neumann et al., 115 2001; Razzoli et al., 2003) . These Tumblebrook animals have been maintained since then as an 116 outbred colony with ≥ 100 breeding pairs (C. Parady, personal communication). The population 117 history of laboratory gerbils is punctuated by a series of bottleneck events each time the colony 118 was moved and rederived. There is therefore a discrepancy in how this animal is maintained and 119 sold by commercial providers (as a highly diverse outbred stock) and the results of previous 120 genetic analyses (which suggest very low levels of diversity (Neumann et al., 2001; Razzoli et 121 al., 2003) ). If gerbils are inbred, fewer are needed to achieve statistically significant results and 122 maintain a breeding colony. Given the limitations of small-scale microsatellite and AFLP 123 experiments, we therefore decided to use a genome-wide approach to quantify the genetic 124 diversity present in Tumblebrook Farm strain gerbils. Here, we evaluate patterns of standing 125 genetic variation in animals from three different gerbil colonies to identify differences that may 126 stem from a history of bottlenecks and isolation. All three colonies originated from the European 127 colony managed by Charles River Ltd. We also compared these with the recently released whole 128 genome sequence of an individual from an American stock of the Tumblebrook Farm strain 129 (genbank accession GCA_002204375.1). We interpret the levels of genetic variation in gerbils in 130 comparison with colonies of other species such as house mice (Mus musculus ssp.), hamsters 131 7
MATERIALS AND METHODS 138

Animals: 139
Mongolian gerbils are listed in Annex 1 of EU Directive 2010/63/EU and must therefore be 140 purposely bred for scientific research. The majority (if not all) gerbils used in the European 141
Union are derived from the Tumblebrook farm stock and many academic institutions in the UK 142 and elsewhere maintain their own colonies derived from these animals. We analyzed animals 143 from three of these colonies, and to avoid confusion we refer to each colony by the name of the 144 long. We ran the deleveraging algorithm in ustacks (-d) and used 6 individuals (a female and 176 male from each Bangor, Edinburgh, and Sheffield strains) for cstacks. We generated a reference 177 fasta from the output of cstacks and to it we aligned the raw reads with bwa mem (H. Li & 178 Durbin, 2009). From these alignments, we extracted depth of coverage with samtools (H. Li et 179 al., 2009 ) in order to annotate autosomal, X-, and Y-linked markers. Coverage was standardized 180 by the sequencing effort of each individual and multiplied by 1,000,000 before being summed 181 across males and females. Sex-linkage is apparent by comparing standardized coverage of each 182 marker in males versus females. We first annotated markers with less than 10x total standardized 183 9 coverage as 'unknown' and removed from the dataset as these have too low coverage to reliably 184 differentiate X-and Y-linked tags from autosomal tags or call variants. We next identified Y-185 linked markers as those with <1x standardized coverage in females. X-linked markers fulfilled 186 the inequality: Coverage male < ¾ Coverage female -5. The slope of this line was chosen to 187 discriminate points in the X-linked cluster (slope = ½) from those in the autosomal cluster (slope 188 = 1). The intercept was chosen in order to remain fairly conservative near the origin; that is 189 erroring towards labeling a true X-linked tag as an autosome rather than labeling a true 190 autosomal tag as X-linked. All remaining tags were annotated as autosomal. Rosenberg et al., 2002) . We visualized structure data with the program distruct (Rosenberg, 199 2003) . We calculated pairwise diversity between our reference and the recently released gerbil 200 whole genome sequence (genbank accession GCA_002204375.1) by aligning the reference 201 sequences to the genome with bwa mem, discarding partial-length alignments and counting 202 mismatches across the first 90 bases of the reference. 203
In order to evaluate the levels of nucleotide diversity in gerbils in a more general sense, 
RESULTS 230
We compared sequencing coverage in females and males to annotate 718,385 autosomal 231 markers, 5,148 X-linked markers, and 2,355 Y-linked markers (Figure 1 ). We identified 30,365 232 SNPs spread across 24,326 markers (1.25 SNPs/marker). Average autosomal nucleotide diversity 233 (π) is 0.0059 (Table 1) , which describes the variation in unconstrained, non-coding regions. 234
Average heterozygosity at autosomal variant sites is 0.447 and is slightly higher on the sex 235 chromosomes (Table 1) . 236
In order to evaluate how different the gerbil genome (GCA_002204375.1) is from our 237 colonies, we counted the number of differences between our GBS reference and the genome. 238
Full-length alignments were found for 674,342 of our reference sequences when aligned to the 239 genome. We found 47,223 single-base differences in these aligned regions, far more SNPs than 240 segregate within the colonies we assayed. This pattern is consistent with the known population 241 history of laboratory gerbils: the Charles River colony, from which our animals originate, was 242 rederived from a U.S. colony from which the DNA for the genome was supplied. 243
We used 28,885 autosomal SNPs to evaluate the diversity between the three colonies and 244 found that while each colony does possess a small set of private alleles, most alleles are shared 245 across all colonies (Table 1) . A substantial portion of the variation (24%) is explained by 246 differences between Edinburgh and the other colonies ( Figure 2) . Eigenvector 2 shows that much 247 of the remaining variation (7%) segregates within the Bangor colony. No higher-order 248 eigenvectors discriminate the colonies, instead they partition variation common to all. F st metrics 249 between the colonies suggest high overall similarity between Bangor and Sheffield (F st = 0.069) 250 while identifying Edinburgh as an outlier with F st of 0.235 compared to Bangor and 0.352 to 251
Sheffield. The structure analysis also suggests little overall differentiation between Bangor and 252 1 2 Sheffield, and finds that Edinburgh is slightly more divergent, though still very similar ( Figure  253 3). Overall, these data suggest that while Edinburgh animals have marked differences from other 254 gerbils, they still share many genetic variants. 255
In general, the highest diversity is found in the Bangor animals. This is apparent in both 256 the PCA (Figure 2 ) and the number of polymorphic sites segregating within the Bangor strain 257 (Table 1) gerbils is much higher than previous reports suggest (Neumann et al., 2001; Razzoli et al., 2003) . 269
It is also clear that the breeding scheme alone does not robustly predict the amount of standing 270 genetic diversity of an animal colony, especially in non-model rodents. primer combinations. Our genome-wide assay evaluated millions of bases and so has much 284 higher power to find rare variants. Using these data we find that genetic diversity in Mongolian 285 gerbils is relatively high amongst outbred rodent colonies (π = 0.0059 in gerbils and π ≤ 0.0010 286 in other rodents, Table 2 ). 287
Lab-maintained rodent colonies are often small due to the costs and space needed for 288 maintenance of many animals. With such small populations, genetic drift plays an important role 289 in determining the standing level of variation. Drift can be expected to increase genetic 290 differentiation between colonies through time, especially given the population bottleneck that 291 often occurs when a colony is established or moved to a new location. Knowledge of levels of 292 genetic diversity in an institutional colony is therefore vital for correct colony management -for 293 example Phodopus hamsters have been referred to as outbred and maintained in large colonies 294 (Brekke & Good, 2014) . However, analysis of ddRAD data from two hamster species (J. Good, 295 personal communication) shows that in fact genetic diversity is extremely low in both (Table 2) , 296 and so hamster colonies could be maintained with few individuals with no resulting loss of 297 diversity. Despite the length of time in captivity, the Tumblebrook gerbils are (correctly) 1 4 maintained as a large outbred colony (≥100 breeding pairs) by Charles River Ltd. Our data 299 suggest that the diversity present in that original stock has been sub-sampled and exposed to drift 300 in each of the three independent colonies we assayed. At one extreme is the Edinburgh colony 301 which was not only the first isolated from Tumblebrook, but has been transferred through three 302 universities and experienced the associated bottlenecks. Given this history, it is not surprising 303 that the Edinburgh animals have the fewest SNPs segregating within them, nor that they are 304 somewhat differentiated from Bangor and Sheffield. The Sheffield animals, which were 305 established from Tumblebrook strain founders in 2014 and have been moved through only two 306 universities, also show a reduced diversity, though still higher than Edinburgh. The Bangor 307 colony was established most recently in 2016 and has the highest amount of diversity. As these 308 animals were sent directly from Charles River Ltd, they likely represent a large portion of the 309 variation contained in the Tumblebrook stock. Our data suggest that genetic drift in these three 310 colonies is actively eroding the standing genetic variation and as they have been maintained in 311 isolation from each other, it has resulted in noticeable differentiation between the colonies. 312
There are two major ramifications of the loss and partitioning of genetic variation in lab 313 colonies. First, animals from the same original outbred stock may respond very differently to an 314 experiment if they come from different isolated colonies. Many papers state that diversity in 315 gerbils is quite low, one even suggesting that smaller error bars in laboratory individuals than 316 wild-caught individuals are due to the lower genetic diversity (i.e.: Stuermer & Wetzel, 2006) . 317
While almost certainly correct that the diversity in their colony is low, our data suggest that is 318 likely a reflection of high drift in an isolated colony, not low diversity in the original 319 Tumblebrook stocks or even across all laboratory gerbils in general. That diversity is low is an 320 important factor in interpreting many experimental results, but generally missing from this 1 5 acknowledgement is that while diversity is likely low in any specific colony, that does not mean 322 that all colonies are genetically similar. This may partly explain why some experimental 323 outcomes are not able to be replicated despite using animals from the same original outbred 324 strain (Justice & Dhillon, 2016; Richter et al., 2011) . This general argument is applicable not 325 only to rodent colonies, but any laboratory animals of any taxa where the population size is 326 limited. 327
The second important ramification of high genetic drift in laboratory colonies is that 328 while diversity will be lost in any single colony through time, across multiple isolated colonies 329 much of the original diversity may be preserved. This is not a new idea and there are major 330 ongoing efforts using multiple inbred strains to capture the range of natural diversity (Churchill 
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